We have previously described a transcription unit located between map coordinates 0.558 and 0.595 on the herpes simplex virus type 2 strain 333 genome which encodes two mRNAs of 5.0 and 1.2 kilobases that share a common 3' terminus, and we have determined the nucleotide sequence of a 38,000-dalton protein specified by the smaller kNA (D. A. Galloway and M. A. Swain, J. Virol. 49:724-730, 1984 Lett. 183:99-102, 1985). This is the first example of a herpesvirus transcriptional unit that encodes functionally related proteins.
The herpesviruses are large DNA viruses which encode a number of enzymes required for their biosynthesis, e.g., DNA polymerase and thymidine kinase. Upon infection, herpes simplex virus types 1 and 2 (I4SV-1 [8] and HSV-2 [9] ), equine herpesvirus type 1 (10) , Epstein-Barr virus (EBV) (21) , and pseudorabies virus (26) all induce a ribonucleotide reductase activity which is distinct from that of the cellular enzyme. Ribonucleotide reductase is an essential component of living cells, providing the precursors for DNA synthesis by catalyzing the reduction of all four ribonucleotides to their respective deoxyribonucleotides (38) . In many cases the enzyme is encoded by two nonidentical subunits (33) .
Evidence that ribonucleotide reductase activity is virally encoded has come from three sources. First, an HSV-1 strain 17 temperature-sensitive (ts) mutant failed to induce reductase activity at the nonpermissive temperature (12) , and the mutation in ts1207 was mapped to sequences encoding a polypeptide referred to as Vmwl36 (32) . This protein, also referred to as ICP6 (22) and 140K (1) has been shown to be encoded by a 5.0-kilobase (kb) message located between map coordinates 0.558 and 0.595 (1, 28, 29) . Analysis of the HSV-2 genome has revealed a colinear organization including a protein of 140,000 (140K) daltons (15) that is referred to in other studies as ICP10 (31) and 144K (23) . A comparison of the DNA sequence encoding the carboxy termini of the HSV-1 and HSV-2 140K proteins has suggested that these proteins are homologous (17, 30) .
The second indication that the reductase activity is virally encoded comes from studies which characterize the virally induced enzyme and use antibodies directed against viral proteins to inhibit enzymatic activity. Ribonucleotide reductase from HSV-2-infected cells was purified and used to produce antibodies which reacted primarily with a 144K protein and other minor components (24) . By using monoclonal antibodies which had previously been shown to precipitate hybrid-selected, in vitro-translated proteins (15) , it was possible to demonstrate that the 144K and 38K * Corresponding author.
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proteins associated with reductase activity were equivalent to the 140K and 38K proteins mapping to 0.558 to 0.595 on the HSV genome (4) . By using monoclonal antibodies directed against Vmwl36 and an oligopeptide serum directed against Vmw38, there is evidence that the HSV-1 proteins form a complex to function as the large and small subunits of the HSV-induced enzyme (13) .
The evidence that the 38K protein is a subunit of ribonucleotide reductase comes from an analysis of the DNA sequence of the HSV-1 and HSV-2-encoded 38K proteins. Both the HSV-1 (11) and HSV-2 (17, 30) 38K proteins have been sequenced, and a comparison of the two sequences has revealed that the carboxy-terminal 307 amino acids are highly homologous and only the amino-terminal 30 amino acids show significant intertypic diversity. Recently, the small subunit of Escherichia coli reductase was compared with the HSV-2 38K protein, and they were found to be distantly related (16%) when comparing identical amino acids (36) . This analysis revealed a related protein ini EBV and in the clam Spisula solidissima and showed that in all four proteins a few specific regions, presumed to be of functional importance, showed striking similarities.
In this study we completed the nucleotide sequence of the region of HSV-2 encoding the 140K protein and its upstream regulatory sequences. By computer-assisted analysis we compared the amino acid sequence of the 140K protein with the large subunit of the E. coli (7) and mouse (6) ribonucleotide reductases and found significant homology among these proteins and with a gene from EBV. In addition we compared the HSV-2 140K protein with the sequence available (29) for the HSV-1 140K homolog and found that the carboxy terminus is far better conserved than the amino terminus. (20) as previously described (37) . Selection and growth of recombinant phage and preparation of phage DNA were done by standard techniques (35) . Recombinants were characterized by T-track analysis (2) before running full sequencing reactions.
MATERIALS AND METHODS

Construction
DNA sequencing methods and analysis. Dideoxynucleoside triphosphate chain termination sequencing methods (34) were performed with M13 recombinant phage DNA templates as previously described (37) . DNA sequence data were obtained from both strands of a 4.0-kb region and were compiled and analyzed on a DEC Rainbow computer with the Genepro software written by J. Brown and J. Wallace. Homology searches on DNA and amino acid sequences used the method of Wilbur and Lipman (40) .
RESULTS
To obtain the complete nucleotide sequence of the segment of DNA encoding the HSV-2 140K protein, we sequenced the region from the Sall site (map coordinate 0.555) to the Ba,nHI site of the BamHI E-T border (map coordinate 0.583). The overall strategy was to clone specific restriction fragments into appropriate M13 vectors. In all cases, two sets of fragments were used to obtain data spanning each restriction site. To provide templates of suitable length for sequencing, the replicative form of the recombinant M13 phage was purified, cleaved at two sites within the polylinker to leave a 5' extension proximal to the irnsert and a distal 3' extension, treated with exonuclease III for various intervals, and treated with S1 nuclease, Klenow polymerase, and T4 DNA ligase by the method of Henikoff (20) . The details of the recombinant plasmids used and the construction of the M13 phage is given in Materials and Methods. We had previously sequenced the segment from the BgllI (0.58) to the BamHI (0.583) site which contains the start of translation of the 38K protein and the start of transcription of the 1.2-kb message, and we tentatively identified the termination of translation and the carboxy-terminal 163 amino acids of the 140K protein (17) . This region, including the relevant restriction enzyme sites, the location of the 5.0-and 1.2-kb RNAs, and the location of the coding sequences for the 140K and 38K proteins, is summarized in Fig. 1 .
The nucleotide sequence of the noncoding strand of the HSV-2 140K gene is shown in Fig. 2 . An open reading frame of 3,432 bp is seen (from nucleotide 419 to 3850) which gives rise to a protein of 1,144 amino acids. The translated protein predicted from the DNA sequence is shown above the appropriate nucleotides. The open reading frame is consistent with our previously published assignment of the carboxy terminus of the protein (17) and confirms an interesting organization of the sequences encoding the 38K and 140K proteins. The start of transcription for the 1.2-kb message has been mapped to nucleotide 3769 (30) which would place it and 80 nucleotides of the 1.2-kb RNA leader seqtience within the translated portion of the 140K protein.
The start of transcription of the HSV-1 5.0-kb RNA has been mapped to nucleotide 176 (14) . Upstream (nucleotides 148 through 153) is the canonical TATA homology ATAAAA. A comparison of these transcriptional regulatory sequences with those of HSV-1 strain KOS (11) show both regions of strong homology and regions with little or no homology. Of the 50 nucleotides surrounding TATA (123 through 173), 42 are identical whereas the next 36 nucleotides upstream (87 through 122) show no intertypic homology. This is followed by a 22-bp sequence (66 through 87) in which 20 nucleotides are identical between HSV-1 and HSV-2. The 22-bp conserved sequence is A-C rich, a feature shared with many other HSV early promoters (39 (29) is shown for the amino termini (A) and carboxy termini (B) of the proteins. The numbers at the right are the numbers of amino acids (no numbers are given for the HSV-1 C terminus because the complete sequence is not known). The single letter amino acid code is used. strong intertypic homology (e.g., nucleotides 179 through 228), moderate homology (e.g., nucleotides 256 through 283), and little or no homology preceding the start of translation (e.g., nucleotides 354 through 418).
Only a portion of the sequences encoding the HSV-1 140K protein are available, encompassing 111 residues of the amino terminus and 150 residues of the carboxy terminus (29) . A comparison of the termini of the HSV-1 strain 17 and HSV-2 strain 333 140K protein is shown (Fig. 3) . The carboxy termini of the proteins are highly conserved (92%), whereas the amino termini are much less similar. The HSV-1 protein has a segment of nine amino acids which are not present in the HSV-2 protein, and residues 80 through 101 of the HSV-2 protein show no homology to residues 91 through 111 of the HSV-1 protein. Until the complete sequence of the HSV-1 gene is available it is impossible to determine whether this difference represents an insertion or just a region of nonhomology, and it is not possible to establish where the protein conservation will begin. Of the remaining 80 amino acids of the HSV-2 amino terminus, there is 60% homology, indicating the overall functional relatedness of the HSV-1 and HSV-2 140K proteins.
It was recently demonstrated that the EBV genome encoded a protein which shows significant homology to the HSV-1 and HSV-2 38K proteins (18) and that these proteins are homologous to the small subunit of the wellcharacterized ribonucleotide reductase of E. coli (36) . The DNA sequence encoding the large subunit of the E. coli reductase, designated Bi, has been determined (7) as has the sequence of the large subunit of the mouse reductase, designated Ml (6) . In addition the entire sequence of the EBV genome has been completed (5) .
A computer-assisted analysis of a comparison of the sequence of the HSV-2 140K protein with those of the three other genes was done (Fig. 4) . The HSV-2 protein is the largest, having 1,144 amino acids. The amino terminus of the HSV-2 protein contains a domain of 350 through 400 residues which is not shared with the other reductases, suggesting an additional function for this segment of the protein. By secondary structure analysis (data not shown) this region is extremely rich in hydrophilic residues and appears structurally distinct from the rest of the protein. At least a portion of this domain is present in the HSV-1 protein, although there is less conservation than in the carboxy terminus of the 140K protein. Perhaps this domain is required for binding to the respective 38K proteins or alternatively to other enzymes in an HSV replication complex. The three other reductases show a longer carboxy terminus than does HSV-2. The figure highlights the homologous regions by showing in reverse print residues which are identical or which show conservative changes in at least three of four proteins when all four sequences are aligned or in all of the proteins when either two or three sequences are available. By these criteria nearly 40% of the shared amino acids are conserved. This is in close agreement with the overall relatedness (38%) of the E. coli, clam, EBV, and HSV-2 small subunits when comparing conserved residues (data not shown). The HSV-2 gene is more closely related to the EBV gene than to that of E. coli or the mouse, nevertheless, blocks of homology are common to all four proteins. Biochemical analysis of the large subunit of other reductases has indicated the importance of two thiols that are oxidized to a disulfide during the enzymatic reaction (38) and has shown that the reaction is catalyzed by either thioredoxin or glutaredoxin. The active site of thioredoxin or glutaredoxin contains two cysteines separated by two amino acids, which allows the formation of a stable 15-member ring structure containing the disulfide. This structure should be present on the large subunit, and this sequence was found only once in the E. coli protein (7) at residues 667 and 670 (see Fig. 4 ). In the HSV-2 protein this sequence is also present only once at residues 1139 and 1142, two amino acids away from the carboxy terminus. Interest- ingly, in both the EBV and mouse proteins the same structure was present only once close to the C terminus (residues 822 and 825 in EBV and 787 and 790 in mouse proteins). DISCUSSION The sequence of the HSV-2 140K protein is an important step in the long-term goal of understanding the catalytic mechanism of ribonucleotide reductase. By site-directed mutagenesis it will be possible to determine the functional domains of this enzyme. Data obtained from studies of the mutant ts1207 suggest that a defect in ribonucleotide reductase has a lethal effect which strengthens the value of this gene as a target for antiviral therapy. The development of antiviral agents directed against the HSV ribonucleotide reductase will be aided by knowledge of the primary structure of this enzyme.
DNA sequence data has provided firm evidence that both the 140K and 38K proteins show significant homology with the large and small subunits of other ribonucleotide reductases. In the case of HSV-1 and HSV-2 these genes are encoded by two transcripts which share a 3' terminus, providing the first example in the herpesvirus genome of functionally related genes sharing a transcriptional unit. In EBV the genes which encode the large and small subunits on July 7, 2017 by guest http://jvi.asm.org/ Downloaded from HSV-2 RIBONUCLEOTIDE REDUCTASE 807 are encoded by 93K and 34K proteins which are located in tandem and appear to be coded by distinct mRNAs (18) . The genes, designated nrdA and nrdB, which encode the bacterial reductase genes are also adjacent to each other on the E. coli genome (7) .
It is intriguing that many of the monoclonal antibodies which react with one of the components of the viral enzyme also react to some extent with the other component and frequently the antibody recognizes a type-specific epitope (4, 16, 19) . There are two possible and nonexclusive explanations for this observation. The first is that the two proteins form a complex which can be immunoprecipitated. By using a monoclonal antibody directed against HSV-1 Vmwl36, and an oligopeptide serum directed against the carboxy terminus of Vmw38, Frame et al. (13) present good evidence that coprecipitation with these antibodies is caused by the formation of a complex. Another possibility which could explain the coprecipitation is that the HSV-2 140K and 38K proteins contain related epitopes. We have suggested that this could be a contributory factor based on two lines of evidence. First, the monoclonal antibodies 6A6 and 6H11 react with both the 140K and 38K proteins, not only in immunoprecipitation reactions but also in immunoblot reactions (19) . Also, K. Shriver and L. Goldstein (unpublished data) have isolated a 6A6 monoclonal antibody-resistant mutant of HSV-2 which does not immunoprecipitate the 140K protein but still retains the same degree of reactivity with the 38K protein as does wild-type virus. These data support the notion that certain antigenic sites (or a site) may be related. By computer-assisted analysis we looked for antigenic sites shared by the 140K and 38K proteins, and the results were largely inconclusive. We found 3 examples where 4 of 4 amino acids were identical, 10 in which 4 of 5 matched, 1 in which 5 of 6 matched, etc. One example which was of particular interest is the sequence Pro-Ala-Ser-Thr which is located at position 7 through 10 in the HSV-2 38K protein and at position 1097 through 1100 in the HSV-2 140K protein. Based on predicted secondary structures (data not shown) this sequence is in a potentially very antigenic site of the amino terminus of the 38K protein which differs in sequence from the type 1 equivalent. The same sequence is present in the HSV-1 140K prQtein. It is interesting to speculate that this could be the epitope recognized by the antibody 6H11. The antibody recognizes predominantly the HSV-2 38K protein and to a lesser extent the HSV-2 140K protein, a difference in avidity which could be attributable to less accessibility because of secondary structure of the epitope in the 140K protein. Reactivity to the HSV-1 140K protein at high antibody concentrations, but not to the HSV-1 38K protein, has been reported (4). Experiments with tryptic and synthetic peptides to prove which epitopes are recognized by the antibodies 6A6 and 6H11 will be needed to determine whether shared antigenic sites play a role in the coprecipitation of the subunits of HSV-2 ribonucleotide reductase.
It has been suggested that the HSV ribonucleotide reductase genes may play a role in morphological transformation (23) and in cervical carcinoma (3) . Experiments with deletions of the BglII N fragment have shown that the region with transforming activity maps to around position 0.60, outside of the sequences encoding 38K (16), thus excluding a role for the small subunit of ribonucleotide reductase in morphological transformation. In experiments in which tumorigenic transformation was achieved by continuous passage of cells exposed to the BglII C-HpaI fragment (See Fig. 1 ), the 140K protein was detected in the transformed cells as judged by a complement fixation assay (25) . From the DNA sequence data we now know that such a fragment only encodes approximately one-third of the large subunit of ribonucleotide reductase and apparently not the domain encoding the catalytic site, so it appears unlikely that either subunit of ribonucleotide reductase is involved in morphological transformation. There is contradictory evidence as to whether the 140K protein is expressed on the plasma membrane of cervical carcinoma cells, with positive results in some cases (3) and negative results in a study with the monoclonal antibodies 6A6 and 6H11 (27) . At this time it is clear that both HSV-1 and HSV-2 encode two subunits of ribonucleotide reductase, that the activity of the enzyme complex is required for viral replication, and that there is little reason to believe these genes are required for morphological transformation.
